Abstracti This paper compares with observations the energy and water budgets for the subbasins of the Mississippi (the Arkansas-Red, the upper Missouri, the upper Mississippi, the Ohio, and the lower Mississippi and Tennessee Rivers), which were computed on-line with an hourly time scale from the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis from 1985 to 1993. The model has a significant precipitation spin-up between the analysis cycle and the 12-24 hour forecast, ranging from 24% to about 40% for the drier Missouri basin. The spin-up of the model "large-scale" precipitation ranges from 30 to 50%, roughly double that of the spin-up of the model "convective" precipitation. The model has an erroneous peak in convective precipitation near local noon, but on 2 day and monthly timescales, the 12-24 hour forecast precipitation is only 10 to 20% higher than the observed precipitation for most of the subbasins. The model runoff, which is all deep runoff from the base soil layer, is low on an annual basis, primarily because the model has very little Spring runoff. The nudging of soil water in the analysis cycle, based on 0-6 hour forecast errors in low-level humidity, plays a major role in the model liquid hydrology. The nudging term has a large annual cycle, positive in summer and negative in winter. Although nudging prevents the downward interannual drift of soil water, associated with a shortfall of precipitation in the analysis cycle, it also attempts to compensate for other errors in the model, such as errors in the seasonal cycle of evaporation and runoff, and may damp the variability of soil water. The model frozen hydrology in winter is not conservative and snowmelt is probably too small. Overall, the ECMWF reanalysis gives a valuable description of the surface energy and water balance of the Mississippi River subbasins on timescales longer than the diurnal, and at the same time, it is clear that improvements in the model physics are needed.
Our first analysis was of the Arkansas-Red River basin [Betts et al., 1998c ], where we evaluated the basin-averaged model fields on diurnal, 5 day, monthly, seasonal, and interannual timescales and made comparisons with the observed basin-scale precipitation and stream flow. We found that the model precipitation had a significant spin-up in the first 24 hours, which spanned the observed precipitation from recording rain gages. This paper also noted that the ECMWF model has a near-noon peak in the diurnal cycle of summer precipitation, rather than the late afternoon and nighttime peaks characteristic of this basin. Model runoff, on the other hand, was only about half the observed stream flow on an annual basis, and the model, which had only drainage from its deepest soil layer, lacked the spring runoff maximum seen in the Arkansas-Red River basin. We were able to explore in detail the structure of the soil water nudging term in the ECMWF model, which was included in the model to control long-term drifts of soil water, resulting from underestimates of precipitation in the analysis cycle. This nudging term plays a major role in the model hydrology, and for the Arkansas-Red River basin, it has an unexpectedly large seasonal (positive in summer and negative in winter) and diurnal cycle (negative at local noon and positive in the evening and at night). We concluded that while it provided a net source of water, the nudging was also compensating for other errors in the model, such as in evaporation (no seasonal vegetation cycle, for example), or the model diurnal boundary layer evolution.
Two other recent studies of the ECMWF reanalysis model [Betts et al., 1998a , b] used average data from the First International Satellite Land Surface Climatology Project (ISLSCP) Field Experiment (FIFE) for the summer season of 1987 and the Boreal Ecosystem-Atmosphere Study (BOREAS) during 1996 to assess the land-surface interaction of the ECMWF reanalysis at single grid points, where supporting surface flux measurements are available. They found that the model bias in the incoming solar radiation is small. The evaporative fraction (EF) over the season for a grassland location in Kansas is now generally quite good, where soil water is a significant control on transpiration, because the root zone is recharged satisfactorily after major rain events in the four-layer soil water model [Viterbo and Beljaars, 1995] . In comparison with the data however, the model has a low bias in EF in June and a high bias in October, which is probably due to the absence of a seasonal cycle in the model vegetation. EF also appears too high in the model just after rainfall. Two noticeable errors can be seen in the surface diurnal thermodynamic cycle. The temperature minimum at sunrise is too low, because the surface uncouples and cools too much at night under the stable boundary layer (BL). The model has also an unrealistic diurnal cycle of mixing ratio, q, with too strong a midmorning peak and too large a fall during the day to a late afternoon minimum that is biased low. The morning peak is partly related to the strong inversion at sunrise, which slows the deepening of the boundary layer. The middle to late-morning peak in precipitation found in the work of Betts et al. [1998c] may be related to this midmorning peak in mixing ratio.
Over the boreal forest the ECMWF reanalysis model has a large albedo error in winter and spring, because it assigns the same albedo (of the order of 80%) to snow under the forest canopy as to snowcovered grassland [Viterbo and Betts, 1999] . Consequently, net radiation and sensible heat flux are biased low over forests, particularly in spring. In contrast in summer, evaporation is generally overestimated in the ECMWF model over the boreal forest [Betts et al., 1998b] . Observations show that in summer, stomatal controls on evapotranspiration are large, and variations in the water stored in the surface moss layer affect evaporation for wet conifers more than soil water variations [Betts et al., 1999] . This paper extends the surface water and energy analysis of Betts et al.
[ 1998c] to all five subbasins of the Mississippi. This expands our results and conclusions to include a wider climatic range, including basins with significant cold season snowfall and those with a much larger runoff fraction.
Model and Observed Data Sets

ECMWF Reanalysis Model
We have subbasin averages for the hourly meteorological and subsurface variables and the surface energy and water fluxes accumulated for each hour. The hourly archive includes both the short-term forecasts (hourly to 6 hours) used in the reanalysis cycle and twice-daily 24 hour forecasts from 0000 and 1200 UTC (also archived hourly) so that issues relating to the diurnal cycle and the spin-up in the precipitation field can be addressed. We shall show model precipitation for the same verifying times from both the 0-6 hour analysis cycle (hereinafter referred to as analysis precipitation), and the 12-24 hour sections of the twice-daily 24 hour forecasts (hereinafter referred to as 12-24 FX precipitation). The model has a significant initial spin-up of precipitation from the analysis to the 12-24 hour forecast, and we shall find that the observed precipitation generally lies between these two model estimates in summer.
Model precipitation is subdivided into convective and large-scale rain and convective and large-scale snowfall. The northern basins have significant snowfall in the winter months (about 40% of precipitation). The ECMWF reanalysis model handles liquid and solid precipitation differently. It is the liquid phase that refills the soil reservoir (and also runs off). The frozen phase is treated as a snow layer on the surface [Viterbo and Beljaars, 1995] , which can melt or evaporate to the atmosphere, but its hydrology is not conservative, since an independent snow analysis is introduced at every analysis time. Consequently, our analysis of the model frozen hydrology will be somewhat limited (section 3.6). When comparing with observations, which are total precipitation (although they underestimate snowfall more than rain), we shall show total model precipitation.
Because precipitation in the analysis cycle in biased low, longterm drifts in soil water were controlled in the reanalysis model by adding soil water nudging to the analysis cycle, based on the q analysis increment in the short-term 0-6 hour forecast for the lowest model level mixing ratio. This nudging is a significant component in the subsurface hydrological budget, with a different signature in summer and winter. The total addition of soil water, A(SWiO, to the root zone of 1 m depth (the top three layers) in a 6 hour analysis interval is calculated from 
Validation Data
Our validation data for precipitation comes from the Higgins et al. [ 1996a] hourly gridded precipitation data set. We extracted the data for 1985-1993 and calculated simple basin averages from the 2 ø x 2.5 ø data, using the grid points that have centers within each ECMWF averaging quadrilateral. The points are shown as small squares in Figure 1 . Gauge estimates of precipitation tend to be underestimates [Groisman and Legates, 1994; Groisman et al., 1996] . The hourly precipitation data are mostly from Fisher and Porter gauges, which P. Y. Groisman (unpublished manuscript, 1997) estimates to have a 10% low bias for rainfall and a larger low bias for snowfall. Our primary concern is the model liquid hydrology, so we assign a nominal 10% low bias to this precipitation data in summer. The northern basins have significant frozen precipitation in winter, when the Higgins data will have a larger underestimate.
Our validation data for model runoff comes from the daily stream flow records, compiled by the U.S. Geological Survey. 
Key Terms in Model Hydrology
On the basin scale, only the model estimates of precipitation and runoff can be validated against measurements, and we will begin with these. The model handles liquid and frozen precipitation differently, so we will use a northern basin to illustrate features of the model frozen hydrology. For the other key processes of evaporation and soil water storage, we have no corresponding basin average observations, so the inferences we make concerning them will necessarily be indirect. We shall find that the model nudging of soil water in the analysis cycle plays a key role in the model liquid hydrology, and it attempts to compensate for other errors in the model.
Precipitation
We shall show that the model has an erroneous diurnal timescale of precipitation, but that on timescales of 2 days and longer, the model 12-24 FX precipitation matches the observations quite well on the basin scale. We shall use the diurnal cycle to illustrate the model spin-up between the 6 hour analysis cycle and the 12-24 hour Table 3 ).
involves rainfall rather than total precipitation: the only contribution of snowfall to the liquid budget is through a snowmelt term. This term is very small even for the northern basins (less than 10 mm yr 'i and typically reaching about 5 mm month '• in spring), and we will not show it here.
The top panel in Figure 12 is the time series of monthly rainfall in the analysis cycle. The tick marks on the x axis mark the beginning of each month and the long ticks the beginning of each year; while the monthly data are plotted at points corresponding to the middle of a month. It is clear from Figures 5, 6, 7, and 11 
Frozen Hydrology for the Upper Mississippi Basin
The frozen hydrology budget in the model is distinct from the liquid hydrology budget discussed in the preceding sections. Figure  13 shows the 9 year mean monthly fraction of frozen precipitation in the model 12-24 hour forecast. From December to February it is about 50% for the more northern Missouri and upper Mississippi basins, while it is less then 20% for the other three basins. Given the relative accuracy of the model precipitation estimates, and the difficulty of measuring winter snowfall, these model estimates of snow fraction on the basin scale may be more accurate than any based on observations. However, as mentioned earlier in section 2, the frozen budget in the ECMWF model is not a closed one, because an independent snow analysis is introduced at each analysis time based on observations of snow cover and snow depth, where available, otherwise on a climatology. Nonetheless, for the northern basins its realism is of interest, as a new snow model is under development. [Betts et al., 1998a] showed that the ECMWF reanalysis model tracked well the summer daytime evaporative fraction (EF= LH/(LH+SH)), with a small low bias in spring and high bias in fall, perhaps because the model has no seasonal vegetation cycle. The model also had a high EF immediately after rain. However, a similar comparison over the boreal forest in Canada [Betts et al., 1998b] showed that in addition to a large error in spring, resulting from the Rne t error mentioned above, the reanalysis model had a much higher EF than the dominant coniferous forest species in summer,. The model has only a single unstressed vegetative resistance, with a value which was based on grassland rather than forest data [Viterbo and Beljaars, 1995] . Since coniferous forests are one landscape component of the northern subbasins, this bias may be present. Betts et al. [ 1998c] found an inconsistency between the surface energy and water budgets, coming from an approximation made in the calculation of the evaporation of intercepted water. The consequence is that the basin-averaged latent heat flux in the atmospheric surface energy budget is higher than the liquid The nudging of soil water, which was introduced to control longterm drifts in soil water plays an important role in the model liquid hydrology. It has a large mean seasonal cycle: all five basins show a positive summer peak and negative values in winter, early spring, and fall. It appears that the nudging, while providing water missing because of the low rainfall in the analysis cycle, also attempts to compensates for other model errors, such as in the formulation of evaporation and runoff. Indeed, the mean structure of the nudging is a good indicator of other error signatures.
It is clear that the ECMWF model gives quite realistic interbasin and interannual variability of precipitation and summer rainfall, even though the analysis precipitation is biased low because of the model spin-up. The interbasin differences of soil water appear realistically linked to precipitation, and they feedback on the model evaporation and lifting condensation level height, as these processes are linked to soil water in the model through a soil water dependent vegetative resistance. However, on the basin scale we have no validation data for the model evaporation. Because the nudging of soil water plays such an important role in the liquid hydrology of the model, we cannot assess how much of the variability in model soil water on timescales longer than a month is realistic, as again on the basin scale, we have no validation data.
In winter, when the observations greatly underestimate snowfall, it is likely that the model 12-24 hour precipitation is a better estimate than the observations. The model estimate of the fraction of frozen precipitation may also be useful. However, the frozen hydrology in the model is not conservative and needs improvement. A new snow depth analysis is introduced at each analysis time, based on observations and climatology. The alternative of calculating snow depth from the model snowfall is, however, rather sensitive to the spin-up of the model large-scale precipitation in winter. Snowmelt is very small and contributes very little to the soil water in spring. These processed hourly data sets for the Mississippi subbasins are available from the first author for further GEWEX analyses.
